We have identified a novel polymerase beta (Pol β)-like enzyme from Leishmania infantum, a parasite protozoon causing disease in humans. This protein, named Li Pol β, shows a nuclear localization that contrasts with the mitochondrial localization of Pol β from Crithidia fasciculata, a closely related parasite, the only polymerase β described so far in Trypanosomatidae. Li Pol β, that belongs to the DNA polymerase X family, displays an evolutionarily conserved Pol β-type DNA polymerase core, in which most of the key residues involved in DNA binding, nucleotide binding, dRPase and polymerization catalysis are conserved. In agreement with this, Li Pol β, overproduced in Escherichia coli, displayed intrinsic DNA polymerase activity. Cell synchronization experiments showed a correlation between both Li Pol β mRNA and protein levels along the parasite cell cycle. Analysis of these parameters at the different growth phases of the parasite, from the proliferative (non-infective) logarithmic phase to the non-dividing (highly infectious) stationary phase, showed high levels of Li Pol β at the infective phase of the parasite. The data suggest a role of Li Pol β in base excision repair in L.infantum, a parasite usually affected by oxygen stress environments into the macrophage host cells.
INTRODUCTION
Leishmaniasis is a parasitic infection caused by various species of the protozoan Leishmania. Transmitted by the bite of sand flies, it infects >15 million people and is endemic in the tropical and subtropical regions of America, Africa, the Indian subcontinent, South Asia and the Mediterranean area. The visceral form of the disease is associated with AIDS patients as an opportunistic disease (1) . The disease threatens 360 million people living in the endemic areas, and large epidemics affecting hundreds of thousands still occurred in the nineties (2) .
This parasitic protozoan belonging to the order of kinetoplastidae, with a single mitochondria called a kinetoplast, are among the most primitive eukaryotes (3) . This ancient phylogeny results in exceptional biological features such as polycistronic transcription, trans-splicing of precursor RNAs and transcriptional editing of mitochondrial RNAs (4) . The chromatin does not condense into chromosomes and the nuclear envelope remains during cell division (5) . The parasite presents two forms, promastigote (extracellular) and amastigote (intracellular). The promastigote phase undergoes a process called metacyclogenesis, becoming infective before entering the host macrophage (6) . This process is mimicked by the promastigote in liquid medium culture developing from a non-infectious form during logarithmic growth to a highly infectious form at the non-replicative stationary phase (7) .
The polynucleotide polymerases are probably one of the earliest enzymatic activities appearing in evolution. Irrespective of the variety of DNA polymerases involved in DNA replication and repair, they display several common features. The basic mechanism of nucleotide addition involves a pair of metal ions coordinated by carboxylated amino acid residues widely conserved among DNA and RNA polymerases (8) . This mechanism appears to be either evolutionarily conserved or acquired by convergent evolution (9) . There are also structural similarities between the different DNA-dependent polymerases according to their crystal structures. In all structures described so far (10) (11) (12) (13) (14) (15) (16) (17) , the polymerization domain displays a hand-shaped structure with fingers, palm and thumb subdomains that define a groove to hold the DNA.
DNA polymerase beta (Pol β), a member of the family X of DNA polymerases, seems to participate in several DNA transactions in vivo, e.g. DNA replication, recombination and DNA base excision repair (BER) (18) . The simple BER or 'short patch' BER involves the excision or replacement of a single damaged nucleotide. To carry out this process Pol β requires, in addition to the polymerization domain, an 8 kDa N-terminal domain able to excise the 5′-terminal deoxyribose phosphate residue from an incised abasic site, by a β-elimination mechanism (19) . An alternative subpathway, 'long patch' *To whom the correspondence should be addressed. Tel: +34 91 5611800; Fax: +34 91 5627518; Email: vlarraga@cib.csic.es BER, involves excision of 2-6 nt, involving DNA synthesis that may be also catalyzed by Pol δ or Pol ε in addition to Pol β (20) (21) (22) (23) . The only beta DNA polymerase described so far in Trypanosomatidae seems to be related to DNA synthesis processes associated with the kinetoplast DNA (24) .
The ancient eukaryote Leishmania infantum, although lacking catalase (25) , survives in the host macrophage not only by passive defense that relies on surface glycolipids and lipophosphoglycans but also by repairing its DNA, damaged by the macrophage oxygen burst (25) . This repair is probably done by a BER mechanism. Indeed, two enzymes have been recently identified in trypanosomatidae, uracil-DNA glycosylase and A/P endonuclease (26) (27) (28) , which could be involved in this type of process. However, no DNA polymerase has been so far described that may act as BER operator. In this paper we report the identification of a novel DNA polymerase from L.infantum (Li Pol β), whose three-dimensional structure modeling predicts a hand-shaped conformation similar to that described for mammalian Pol β and other DNA-dependent polymerases (29, 30) . The expression of Li Pol β in synchronous cell cultures appears to be regulated, correlating with the different phases of the cell cycle of the protozoon as well as with the distinct phases of the parasite, being higher at the infective stationary phase. The possible involvement of this nuclear enzyme in BER during the infective phase of the parasite, as a necessary repair mechanism to survive the hostile environment inside the host macrophage, will be discussed.
MATERIALS AND METHODS

Materials
Parasite strain (MHOM/FR/80/LEM75) was kindly provided by Dr J. Alvar (Reference Parasitology Service, Majadahonda, Madrid, Spain). Leishmania infantum promastigotes were grown at 26°C in RPMI-1640 from Gibco BRL (Scotland, UK), supplemented with 10% heat-inactivated fetal calf serum, Gibco BRL (Scotland, UK). Promastigote cultures were initiated at 1 × 10 6 cells/ml and harvested at logarithmic and stationary phases of growth, as defined by morphology and cell concentration (31) . Escherichia coli M15 strain (pREP4) for the production of the recombinant Li Pol β was from Qiagen (Germany).
Synchronous cultures
Leishmania infantum promastigotes (10 7 cells/ml) from logarithmic and stationary phases were incubated for 6 h in medium containing 200 µg/ml of hydroxyurea (32) . Synchronous cells were harvested by centrifugation at 2000 g for 10 min at room temperature and suspended in the same volume of fresh medium lacking hydroxyurea. Leishmania infantum promastigotes remained synchronous for ∼6 h. The mRNA and protein expression were determined every 30 min (see below).
Oligonucleotides and DNA probes
Oligonucleotides LiF (5′-CAAGCTGGAGGAGCTGGAGAG) and LiR (5′-GTCGAACACATCCTGCTCTGAAC), designed according to conserved regions of the sequences of family X DNA polymerases were used for reverse transcribed polymerase chain reaction (RT-PCR) amplification of a L.infantum DNA POL β gene fragment of 800 bp. The 5′-terminal end was amplified with the spliced leader oligonucleotide SL (5′-ATCAGTTTCTGTACTTTATTG) and the R2 oligonucleotide (5′-CTTCTGCAGCAGCTCATCCAC) of the previously determined sequence (5′-RACE). The 3′-terminal end was amplified (3′-RACE), with a specific oligonucleotide from the known sequence F1 (5′-TGTCGGCATCAAGTACT-TCTACGA) and the general oligo(dT) primer [5′-GCGCC-AGGAATTCGC(dT17)]. The DNA probes corresponding to the whole coding sequence of the Li Pol β were labeled with [α-32 P]dCTP using the Random Primed DNA labeling kit (Boehringer Mannheim, GmbH, Germany).
Expression of L.infantum Pol β in E.coli
The open reading frame containing the DNA Pol β from L.infantum was cloned into a pQE/pREP4 bacterial expression vector, which allows the expression of recombinant proteins as fusions with a multifunctional leader peptide containing a hexahistidyl sequence for purification on Ni 2+ -affinity resins (33) . The open reading frame of Li Pol β was PCR-amplified using oligonucleotides containing SphI and HindIII restriction sites 5′ POL SphI (5′-GCGCGCATGCTCCGCCGGAAGTTC) and 3′ POL HindIII (5′-GCGCAAGCTTAAGGGTCGCGGTTCTC). The resulting 1.15 kb PCR product was cloned at the SphI/HindIII sites of vector pQE32 (Qiagen, Germany). The construction of the recombinant expression plasmid, named pQE32-Li POL β was confirmed by DNA sequencing. Expression of the His 6 -tagged Li Pol β protein was carried out in the M15 E.coli strain, which contains the pREP4 repressor plasmid and the T5 promoter under the control of the isopropyl β-D-thiogalactopyranoside (IPTG)-regulated lacI gene (34) . Cells were transformed with the pQE32 plasmid and grown at 37°C in Luria-Bertani (LB) medium until the OD reached 0.6 (20-30 min). Then, IPTG was added to a final concentration of 1 mM and the incubation was continued for 4 h at 37°C. Cells were collected by centrifugation at 4000 g for 20 min and lyzed in buffer A (6 M Gu-HCl, 0.1 M sodium phosphate, 10 mM Tris-HCl, pH 8.0). The suspension was cleared by centrifugation at 10 000 g for 20 min and the supernatant containing the Li Pol β recombinant protein was used for the purification process. Induction, overproduction and solubility of the recombinant protein was analyzed by 10% polyacrylamide gel electrophoresis (PAGE) in the presence of SDS and visualized by Coomassie Blue staining. Western blot was carried out as described (35, 36) . In all cases, unless otherwise indicated, 10 µg of protein was loaded per well.
Purification of Li Pol β
Ni 2+ -NTA agarose beads (Qiagen, Germany), previously equilibrated with buffer A were incubated for 30 min at room temperature with the soluble fraction containing the recombinant protein obtained as described above. The resin was loaded into a column and washed with 10 ml of buffers B (8 M urea, 0.1 M sodium phosphate, 10 mM Tris-HCl, pH 8.0) and C (8 M urea, 0.1 M sodium phosphate, 10 mM Tris-HCl, pH 6.3). The recombinant protein was eluted in 1 ml fractions with 5 ml of buffers D (8 M urea, 0.1 M sodium phosphate, 10 mM Tris-HCl, pH 5.9) and E (8 M urea, 0.1 M sodium phosphate, 10 mM Tris-HCl, pH 4.5). The fractions were analyzed by SDS-PAGE. The amount of protein was quantified by the method of Bradford (37) .
In situ gel analysis of DNA polymerase activity
This assay, that allows correlation of catalytic activity with a particular polypeptide species separated by SDS-PAGE, was carried out as described (38) . The assay is especially suitable to detect catalytically active species in recombinant cell extracts or affinity purified fractions that are soluble only in the presence of detergents such as SDS. The samples were electrophoresed in 10% SDS-PAGE gels containing 1.5 mg/ml activated calf thymus DNA (Pharmacia Biotech Inc., Belgium) as template-primer, followed by in situ renaturation of proteins and incubation of the gel in a DNA polymerase assay mixture. Prior to renaturation, the gel was washed twice with 50 mM Tris-HCl, pH 7.5, for 15 min at 4°C. The renaturation was allowed to occur during 3 h at 4°C in buffer F [50 mM Tris-HCl, pH 7.5, 6 mM (AcO) 2 Mg, or (AcO) 2 Mn, 40 mM KCl, 16% glycerol, 10 mM EDTA, 1 mM dithiothreitol and 400 µg/ml bovine serum albumin]. In situ polymerization was assayed with buffer G (buffer F plus 2 µM each dNTP and 1.2 nM [α-32 P]dATP) for 12 h at 30°C. After washing unincorporated [α-32 P]dATP from the gel, and in situ precipitation of DNA with buffer H (5% trichloroacetic acid, 1% sodium pyrophosphate), the gel was dried and the activity bands (radioactively labeled) were detected by autoradiography.
Amino acid sequence comparisons and three-dimensional structure prediction
Multiple alignment of the Li Pol β amino acid sequence with sequences of Pol β-like proteins (X family) from different sources was done using the computer program PIMA 1.4 from The Baylor College of Medicine (39) and displayed with the BOXSHADE 3.21 program from the EMBL Network-Swiss node. The alignment was manually adjusted on the basis of the secondary structure elements of the rat Pol β, as deduced from its crystal structure (29) . The three-dimensional structure prediction for Li Pol β was done using knowledge-based protein modeling methods on the basis of multiple alignment of the Li Pol β sequence and those of the 3.6 and 2.6 Å resolution X-ray structures of rat (15, 29) and human (40, 41) Pol β, respectively. Their Cartesian coordinates were from the Brookhaven Protein Data Bank, with PDB codes 1BPD and 9ICW, respectively. Conformational calculations were carried out under the AMBER force field (42) . All computations were performed on a SGI Power Challenge R10000 with the software package BIOSYM, Release 95.0 (Molecular Simulations Inc., CA).
Phylogenetic comparisons
A segment of 34 amino acids spanning the most conserved portion of the Pol β-like active site, containing two of the three catalytic aspartates, was used to generate the data matrix to infer the phyletic relationships among different members of the DNA polymerase X superfamily. This region corresponds to the rat Pol 
Northern blot analysis
Leishmania infantum total RNA was obtained from the distinct parasite forms and prepared as described (36) . Total RNA was isolated from logarithmic and stationary growth phases using TRIzol (Gibco BRL, USA). For the analysis, 5 µg of total RNA were fractionated in formaldehyde agarose gels and transferred onto nylon membranes following standard procedures (43) . The blots were hybridized with the described PCR probe for the Li Pol β coding region (see above). Blots were analyzed by autoradiography and bands were scanned and quantified by using a Molecular Dynamics Computer Densitometer and the Image Quant Software 3.3 program. To avoid sampling errors, densitometric scanning of ethidium bromide-stained gels was carried out.
Specific antibody obtention and immunofluorescence localization
New Zealand rabbit specific polyclonal antibody was obtained with 800 µg of purified recombinant Li Pol β, administered in four weekly subcutaneous shots: the first one in CFA and the following in IFA. After one additional week the rabbit was bled, the serum obtained, decomplementarized at 55°C for 1 h and subsequently stored at -20°C. The immunofluorescence was carried out with 10 6 /ml promastigotes washed twice with phosphate-buffered saline (PBS) containing 1% fetal calf serum and 0.1% sodium azide and resuspended in the same PBS solution with identical final cell concentration. Twentyfive microliters were spotted onto 12 mm round coverslips. After 1 h at 37°C, the cells were treated with methanol/acetone (1:1) for 15 min at -20°C. The fixed cells were incubated for 15 min at room temperature in DAPI-methanol (0.1 µg/ml). After an additional washing with methanol, the cells were treated with PBS containing 0.5% Triton X-100 for 5 min and incubated in a humidity chamber for 1 h at room temperature with rabbit polyclonal anti-Li Pol β or anti-Li Topoisomerase II antibodies, diluted 1:200 in both cases. After washing in PBS, cells were incubated with anti-rabbit IgG-FITC (Dako, Denmark), diluted 1:2000, for 1 h. After washing with PBS, the slides were mounted with Mowiol (Calbiochem, USA) and observed on a Zeiss Axioplan microscope. The images were captured by a Hamamatsu CCD camera and processed in Adobe Photoshop on a Macintosh computer.
Stability of Li Pol β mRNA and response to environmental changes
Stability of the specific Li Pol β mRNA was analyzed under conditions in which RNA synthesis was inhibited. Samples of 10 µg/ml of Actinomycin D (Sigma, USA) were added to promastigote cultures at logarithmic phase and incubated for 8 h. Samples were removed every 2 h and specific mRNA molecules detected by northern blotting. Environmental changes at the promastigote phase were carried out mimicking the conditions of pH (5.5) and temperature (37°C) that correspond to the macrophage parasitophorous vacuole (44) formed after parasite infection of the mammalian host. Logarithmic phase promastigotes (5 × 10 6 cells/ml) were cultured at the standard conditions except that either the pH was 5.5 or the incubation was at 37°C for 8 h, and samples were removed every 2 h. The presence of the specific mRNA was detected by hybridization with the labeled specific probe described for northern analysis.
RESULTS
Identification and cloning of L.infantum POL β gene
The complete cDNA encoding sequence of the Li Pol β polypeptide was obtained by RT-PCR in two steps. First, specific oligonucleotides were designed according to conserved sequences in the family X of DNA polymerases to obtain a central region of the gene of 800 bp. In a subsequent step, the 5′ and 3′ ends were also obtained by the same procedure using specific oligonucleotides from the known sequence and oligonucleotides containing specific sequences for the 'spliced leader' and the mRNA poly(A) tail (5′-RACE and 3′-RACE, respectively). Additionally, a 5′ flanking sequence of 510 bp was obtained. The open reading frame 1131 bp long (GenBank accession no. AF182167), with 84% of the codons ending in G or C as described for the genes of the genus Leishmania (45), encodes a 376 amino acid protein corresponding to an estimated molecular mass of 42.7 kDa, predicted to be a new member of the family X of DNA polymerases.
Li Pol β belongs to the family X of DNA polymerases
The prediction that Li Pol β is a new member of the Pol X family was confirmed by multiple amino acid sequence alignment with Pol β, Pol λ (46), TdT (47), Pol µ (48), yeast Pol IV (49) and other Pol β-like enzymes from C.fasciculata (50, 51) and ASFV (9) . Figure 1 shows a multiple alignment of Li Pol β versus rat Pol β and mouse Pol λ, two of its closest homologs among all Pol X members. The 376 amino acid residues of Li Pol β presented 31 and 24% of identity in the portion aligned with Pol β and Pol λ, respectively (see Fig. 1 ). Interestingly, Li Pol β contained 26 of the 27 residues that are invariant in all DNA polymerases from family X, including all those involved in DNA and nucleotide binding, polymerization catalysis and conformational changes involved in the polymerization cycle. Moreover, Li Pol β also conserves the critical residues of mammalian Pol β involved in its intrinsic dRPase activity (Pol β residues H34, Y39, K60, K68, K72) that acts in concert with polymerization during BER of damaged DNA (see legend to Fig. 1) .
The alignment shown in Figure 1 indicates that Li Pol β, as mammalian Pol β, does not contain the N-terminal extra segment, containing a BRCA1 C-terminal (BRCT) domain, present in Pol λ, and also in Pol µ, TdT and yeast Pol IV, which is likely involved in regulatory protein-protein interactions (52) . However, the remaining residues could be aligned with those forming the four subdomains of Pol β: the so called '8 kDa' (blue portion in Fig. 1 ) could be aligned with a single amino acid gap connecting α-helices A and B, and with an additional amino acid residue at α-helix B. The same occurs at the 'fingers' subdomain (red portion), with small differences at the connection of α-helices E and F and α-helices H and I. The regions corresponding to some stretches of secondary structure elements of both 'palm' (green) and 'thumb' (yellow) subdomains (as 1-K-2, L-3, 5-M-N-6-7 and O-3 10 ; see Fig. 1 for nomenclature) could be aligned without any gap among Li Pol β, mouse Pol λ and rat Pol β. On the other hand, Li Pol β has two main insertions, corresponding to loop regions connecting secondary structured elements, as it has been described for other members of the family X (9). One of these insertions consists of 8 amino acids (between β-strand 4 and 5), located at the 'palm' subdomain, whereas the other, made of 26 amino acids (between β-strand and α-helix O), is located at the 'thumb' subdomain.
Three-dimensional structure prediction
Interestingly, although the percentage of identical residues shown in the alignment of Li Pol β and rat Pol β was only 31%, the level of amino acid similarity was enough to model the structure of Li Pol β over most of the entire crystal structure of rat and human Pol β. The structural model shown in Figure 2A predicts that Li Pol β would adopt a mammalian Pol β-like fold with four distinguishable subdomains: the N-terminal protease sensitive '8 kDa' domain (blue), predicted to be involved in DNA binding and deoxyribose phosphate excision, and the C-terminal 34.7 kDa region, forming the polymerization domain. This domain would contain the catalytic site with the three established subdomains present in Pol β: 'fingers' (red), providing contacts to handle the DNA primer strand through its helix-hairpin-helix motif, 'palm' (green), constituting an appropriate surface to accommodate the substrate molecules (nucleotides and DNA) and to present the pair of metal ions adequately for catalysis, and 'thumb' (yellow) providing template selectivity and reaction cycling via conformational changes (15, 29) .
In Pol β, three catalytic aspartates (Asp 190 , Asp 192 and Asp 256 ) are involved in metal ion binding at the active site (8) .
The inset in Figure 2A shows the spatial arrangement of the corresponding residues in Li Pol β Asp 194 , Asp 196 and Asp 271 . Figure 2B showed the comparison between the Li Pol β threedimensional predicted structure (red) and the human one (green). Both structures fit quite well with each other except in the loops corresponding to the insertions that have been described above in the Li Pol β amino acid sequence (see Fig. 1 ).
Li Pol β overexpression in E.coli and purification
The induction of the Li Pol β was carried out in the E.coli strain M15 (data not shown). The induced new polypeptide migrated at the expected position for the Li Pol β protein (∼47 kDa, 5 kDa over the expected molecular mass due to the additional histidine chain). This protein remained soluble under the extraction conditions used. Based on the His 6 -tag present on its N-terminal end, the recombinant protein could be purified on a Ni 2+ -NTA affinity chromatography column which allowed us (15, 29) , the alignment can be divided in four subdomains: '8 kDa' (residues 1-84; blue segment), 'fingers' (residues 85-153; red segment), 'palm' (residues 154-276; green segment) and 'thumb' (residues 277-376; yellow segment). α-helices (lettered) and β-strands (numbered) are indicated at the top of the alignment. Two helix-hairpin-helix motifs are between α-helices C and D ('8 kDa' subdomain), and between α-helices F and G ('fingers' subdomain). Invariant residues among any pair of DNA polymerases are indicated with white letters (over a black background). Conservative substitutions (bold typed) were considered as follows: K, H and R; D, E, Q and N; W, F, Y, I, L, V, M and A; G, S, T, C and P. The 27 residues that are invariant among DNA polymerase X family members (8) to obtain a single polypeptide band by SDS-PAGE (Fig. 3A) and western blotting (Fig. 3B ). The yield of purified recombinant protein was 2 mg/100 ml of bacterial culture.
Li Pol β has intrinsic DNA polymerase activity
The predicted DNA polymerase activity of the recombinant Li Pol β was examined by using an in situ activity gel assay. This technique takes advantage of the high resolution of the SDS-PAGE to separate the different polymerase species. In this case a clear conclusion was expected based on the different molecular mass between the putative L.infantum Pol β polymerase (47 kDa) and those of the endogenous E.coli DNA polymerases. As shown in Figure 4 , in addition to the radioactive bands corresponding to the E.coli Pol I and to its proteolytic derivative (Klenow fragment), an activity band with the electrophoretic mobility of Li Pol β was observed at both the extract and in the Ni 2+ -NTA fraction, corresponding to the purified protein, soluble in the presence of 0.1% of SDS. The minor activity bands, present in the Ni 2+ -NTA purified fraction, are due to unspecific binding of endogenous E.coli DNA polymerases to the activated beads of the Ni 2+ -NTA column. The sensitivity of the in situ analysis allows detection of these minor contaminants (53) , that can be unambiguously distinguished from Li Pol β (47 kDa) due to their distinct molecular size. The presence in the Ni 2+ -NTA purified fraction of an additional activity band with a very low molecular weight (∼35 kDa) (Fig. 4B) is interesting. The technique favors the refolding of low molecular weight polypeptides, thus increasing sensitivity of truncated but active polypeptides resulting from partial proteolysis. In this case, the size of the fragment fits quite well with the predicted C-terminal catalytic fragment of the protein and may suggest that it derives from a single and preferential proteolytic cleavage of Li Pol β, as it has been described to occur also in Pol β. Moreover, an active fragment would be incompatible with the loss of the C-terminal portion of Li Pol β (see Fig. 2 ). The in situ activity was determined in the presence of two different divalent metal ions (Mg 2+ and Mn 2+ ) known activators of DNA-dependent DNA polymerases. Li Pol β displays a completely different metal ion requirement to that shown by the contaminating Pol I and Klenow fragments. Mn 2+ was strongly required for Li Pol β (see the 47 kDa polypeptide band in Fig. 4B ), the latter being residual in the presence of Mg 2+ . An inverse behavior was observed for the endogenous E.coli DNA activities displaying the highest activity in the presence of Mg 2+ (see Fig. 4A ). These results confirm that the overproduced Li Pol β corresponding to the 47 kDa band has intrinsic DNA polymerase activity. A similar preference for Mn 2+ ions has recently been reported in the case of Pol µ, a DNA mutase belonging to the Pol X family (48).
Li Pol β is differentially expressed along the cell cycle
The expression of Li Pol β was analyzed along the distinct phases of the parasite. The expression was determined following two complementary ways. First, gene expression was ascertained by analysis of the Li Pol β mRNA levels and subsequently, synthesis of the Li Pol β protein was followed by western blotting with specific antiserum. The logarithmic growth phase corresponding to the attenuated form of the parasite showed a faint hybridization band, which suggests a low level of specific mRNA. This level is clearly increased at the stationary phase corresponding to the highly infective form of the parasite (Fig. 5A) . The use of hydroxyurea, which is lethal for the cells in S phase, allows synchronization of the protozoan culture. Once removed from the culture medium, the synthesis of the nuclear and kinetoplast DNA starts, and the synchronous cell cycle lasts at least for two generations. The northern blotting analysis of the samples obtained at 30 min periods showed that the levels of Li Pol β mRNA are modified along the cell cycle of the protozoon with maximum at 90 and 180 min (Fig. 5B) . The rRNA control staining discounts the fact that the differences detected may be due to differences in well loading. Li Pol β protein expression was measured by western blotting of the L.infantum cell extracts obtained from samples taken at the same times than those used for the mRNA determinations. The expression of the protein was again higher at the infectious stationary phase promastigotes than at the logarithmic attenuated phase of the parasite, as indicated in Figure 5C . The protein expression along the cell cycle on synchronous cultures gave two peaks of maximum protein expression at 90 and 180-210 min with a slight delay with respect to the mRNA production at the second cell cycle, as shown in Figure 5D . Again, Coomassie-stained controls discount loading errors. The data suggest a regulatory mechanism for mRNA and Li Pol β protein expression that correlates with the protozoon cell cycle, increasing at the infective stationary phase of the parasite.
Stability of Li Pol β mRNA and response to environmental variations
Leishmania undergoes several environmental variations along its life cycle. Thus, the promastigote form grows at 26°C and neutral basic pH (7.5-8) in the sand fly gut. The intracellular amastigote form lives inside the host macrophage at mammalian temperature and at acidic pH (4.5-6). The expression of mRNA in the presence of Actinomycin D or under the temperature and pH intracellular conditions shown in Figure 6 indicates that Li Pol β messenger RNA molecules have a short life as it could be expected for a regulated molecule probably linked to DNA synthesis that should not remain in the cell for long periods. Thus, the presence of Actinomycin D leads to a rapid decay of mRNA levels that are undetectable after 2 h of treatment. The pH and temperature conditions mimicking those found by the promastigote inside the parasitophorous vacuole in the infected macrophage induce a rapid decay, as it can be seen in the Figure 6 . The effect of temperature shows an interesting response with an initial rapid decay and a late increase after 8 h. This increase does not correspond to the increase of mRNA reported for a classic heat shock protein that presents an earlier response and higher messenger RNA levels (54) . Taken together, the data suggest that the expression of the Li Pol β mRNA is regulated within the protozoon cell cycle and is clearly higher at the non-dividing, infective stationary phase of the parasite than at the attenuated logarithmic one.
Nuclear localization of Li Pol β, detected by immunofluorescence
Immunofluorescence detection of Li Pol β in the Leishmania parasites was carried out using specific polyclonal antibodies. Simultaneous DAPI staining allowed tracing the DNA of the nucleus and the kinetoplast. The specific immunofluorescence of the protein appeared as two spots peripherally located into the nucleus, far from the DAPI staining corresponding to the cell kinetoplast (Fig. 7) . This nuclear localization contrasts with that of Topoisomerase II from L.infantum used as a control and with that described for the Pol β from C.fasciculata associated to the kinetoplast (24), Conversely, it fits quite well with the nuclear localization described for the rest of Pol β-like DNA polymerases described in other species (15, 18, 29) . This immunofluorescence pattern corresponds to the promastigote form in the logarithmic phase. The comparison between the two infective phases of the parasite is shown in Figure 7 . At the stationary phase, the amount of fluorescent signal is higher, as could be expected from the previous data, and forms two strips into the nucleus along the longitudinal axis of the promastigote.
DISCUSSION
Pol X family of DNA polymerases: structural similarities and evolutionary versions
The transfer of a nucleotide to an acceptor hydroxyl group is a central reaction in many biological processes, and is catalyzed by nucleotidyltransferases that belong to more than 10 distinct superfamilies (55) . One of the most widespread superfamilies of nucleotidyltransferases is exemplified by the eukaryotic DNA Pol β, whose three-dimensional structure and detailed mechanism of nucleotidyl transference have been uncovered. A complete sequence-based classification and phyletic distribution of the whole Pol β-type nucleotidyltransferase superfamily has been previously reported (55) . Among the different groups (families) of nucleotidyltransferases included in the Pol β superfamily, the Pol X family uses DNA as a substrate, mammalian Pol β and TdT being its best known members. Figure 8A shows a phylogenetic unrooted tree representing the evolutionary distances of those members that are known or predicted to be DNA polymerases (Pol X family), that belong to the three divisions of life (bacteria, archea and eukaryotes). These members include the recently described Pol µ (48) To discard the influence of the different length of the polypeptides, due to specific deletions and insertions, or due to the presence of specific domains (described later), the phylogenetic tree was generated taking into account the information contained in a short segment of the Pol β core that has the maximal functional importance, as part of the polymerization active site (see Materials and Methods). This phylogenetic tree, that mainly represents the divergence of the Pol β core, supports the hypothesis that most of the subfamilies (Pol β, Pol λ, Pol µ, TdT, etc.) have independently and rapidly evolved from a common ancestor to occupy a particular functional niche (55) .
In spite of the general conservation of the critical residues involved in metal, dNTP and DNA binding, the percentage of overall amino acid similarity among the different members of the Pol X family along the Pol β core varies from the 91% of identity between the Pol β enzymes from Crithidia and Leishmania, and the 42% of identity among Pol µ and TdT, to the 19% of identity between Li Pol β and TdT. The amino acid identity of Li Pol β with mammalian Pol β is 31%, very close to that existing between Pol λ and Pol β (32%). These amino acid similarity values support that Li Pol β, as Pol λ (46), and probably most members of the Pol X family, can be predicted to conserve a common fold, formed by the four distinct subdomains: '8 kDa', 'fingers', 'palm' and 'thumb', described for mammalian Pol β (see Fig. 2 ). However, and in spite of the general conservation of the Pol β core, some members have reduced this core even at a minimum, as it occurs with ASFV Pol X (8) . Further divergence of the Pol X family has been achieved by acquisition of additional domains with distinct enzymatic and regulatory activities (see Fig. 8B ). Thus, Pol λ, TdT, Pol µ and yeast Pol IV possess a BRCT domain at their N-terminus. This domain, involved in protein-protein interactions, is proposed to confer responsiveness to DNA damage (52) . The Pol X enzyme from M.sanguinipes entomopoxvirus has an apurinic-apyrimydinic endonuclease (APE) N-terminally connected to the Pol β core. The role of the Ser-Pro rich domain present in Pol λ and Pol IV is presently unknown. On the other hand, the Pol X enzymes from bacteria and archea have independently fused the nucleotidyltransferase domain (Pol β core) with a phosphoesterase domain (PHP in Fig. 8B) , to possess both a hydrolase (nuclease) and a polymerase activity (55) .
Interestingly, a few enzymes, including Li Pol β, Cf Pol β and yeast Pol IV have gained specific insertions at the Pol β core, that could serve to mediate specific protein-protein and/or protein-DNA interactions (see Fig. 2B ).
Multiple functions of DNA polymerases from family X
Pol β, the paradigm of this family and one of the cellular DNA polymerases for which a role in DNA repair has been proposed (18, 56) , plays a key role either in short or long patch BER. This enzyme is a small nuclear DNA polymerase well suited for its proposed role, with gap-tailoring (57) and gap-filling enzymatic activities (58, 59) , and without proof-reading exonuclease activity (60) . In spite of its small size, Pol β is a multifunctional enzyme with an 8 kDa N-terminal domain with dRP lyase activity (61) and a C-terminal domain with nucleotidyltransferase activity (57, 62) .
The same activities, residing in the Pol β-core, are predicted to be present also in Pol λ, although this enzyme has been proposed to be specifically involved in DNA repair processes associated with meiosis and homologous recombination (49) . A similar role could be played by the S.cerevisiae Pol IV (47) . On the other hand, TdT and the recently described Pol µ (48), both enzymes able to catalyze polymerization in the absence or with little template direction, are either known or proposed to be involved, respectively, in the generation of antigen receptor variability. In the latter four enzymes, the functional specificity likely relies on the protein-protein interactions mediated by the BRCT domain present at their N-terminus (Fig. 8B) .
The smallest member of this family, the Pol β-like enzyme from ASFV (Pol X), is a 20 kDa enzyme proposed to be involved in viral DNA repair (8, 63) . The more complex enzyme of MSEV Pol X supports such a specific role in viral BER by association of the Pol β core with an AP-nuclease at its N-terminus (see Fig. 8B ). In the case of bacterial and archea Pol β-like DNA polymerases, no specific role(s) has yet been proposed. The only Pol β activity described so far in Trypanosomatidae was related to the single cell mitochondria that defines the ancient order of kinetoplastidae and, therefore, specifically involved in mitochondrial DNA repair (24).
Li Pol β, a nuclear cell cycle regulated DNA polymerase
In agreement with the structural predictions, Li Pol β, overproduced in E.coli, displayed intrinsic DNA polymerase activity. Moreover, and also in agreement with the predicted Pol β-like structure for Li Pol β, this activity appears to reside in the C-terminal domain, as a fragment of the appropriate size (35 kDa) remains active after endogenous protease cleavage. As it has also been described for Pol β, this 35 kDa domain would correspond to the polymerization domain. In situ analysis of the enzymatic activity showed that polymerization by Li Pol β appears to be strongly activated by Mn 2+ as metal binding ions, in comparison with the faint activation observed with Mg 2+ ions. This striking preference, considering that Mg 2+ is probably the divalent metal ion utilized by most polymerases for catalysis in vivo (64) , must be confirmed by further enzymatic analysis of the purified protein. In this sense, it has been suggested that Mn 2+ displays a mutagenic effect on polymerases promoting greater reactivity than Mg 2+ at the catalytic site, allowing the nucleotidyl transfer reaction to occur with little or no regard to the template instructions (8) . Therefore, it would be interesting to analyze if the Mn 2+ preference displayed by Li Pol β could be related with some capacity to carry out error-prone DNA synthesis, as it has been also described for mammalian Pol β (60). Such a feature would be advantageous for L.infantum, a parasite protozoon with the ability to overcome different environmental variations and to survive in adverse conditions either natural or pharmacologically induced.
As shown here, Li Pol β is located at the nucleus of the parasite, as with mammalian Pol β, but in a clear contrast with the mitochondrial localization described for the Pol β from C.fasciculata (24) . This different localization is worth noting as: (i) both Leishmania and Crithidia belong to the same group of Trypanosomatidae; (ii) it occurs irrespective of the fact that both enzymes share an N-terminal mitochondrial import tag sequence (51); (iii) both proteins have 91% amino acid identity (see Fig. 1 ); (iv) expression of the Crithidia Pol β protein displays a similar regulation pattern along the cell cycle (24) . Therefore, it is tempting to speculate that these two closely related enzymes play a similar functional role, but targeted to different subcellular compartments. This hypothesis further stresses the notion that the evolution of the Pol β superfamily has involved rapid divergence accompanying the adaptation of distinct families to specific roles (55) .
Whereas mammalian Pol β is housekeeping, in agreement with its general role in nuclear DNA repair, the Li POL β gene is cell cycle regulated, being both its mRNA and protein levels in direct correlation with DNA synthesis. It is worth noting that the maximal enzyme levels are reached during the highly infectious stationary phase. This could be related to the need for expression of new molecules involved in the developmental process of metacyclogenesis undergone by the protozoon to become infective before entering the host macrophage (6) . Furthermore, preliminary results by relative quantitative PCR from our laboratory indicate that Li Pol β mRNA dramatically increases at the intracellular form of the parasite, amastigote. The nuclear location observed by immunofluorescence, with two strips along the longitudinal axis of the protozoon, implies the need for additional experiments along the metacyclogenesis process to find out a functional explanation. Meanwhile, a suitable explanation is that Li Pol β may be necessary to repair damaged DNA molecules by the macrophage oxygen burst through the BER mechanism. Alternatively Li Pol β may be used to modify newly synthesized DNA molecules that would be located at the nucleus periphery, in a way similar to that proposed for the kinetoplast DNA replicated minicircles (65) .
Irrespective of different roles that could be assigned to Li Pol β by similitude with other Pol β enzymes, its role as BER operator to repair the damaged DNA under the host macrophage stress environment seems to be likely the first functional option. The cloning and characterization of Li Pol β, as well as its obtention as a recombinant active enzyme, are the first steps for a more detailed biochemical characterization, including in vitro analysis of its insertion fidelity. These studies, together with the development of a model of Li Pol β deficiency, will serve to determine the relevance of this enzyme for the development and infectivity of L.infantum.
